INTRODUCTION
Sepsis is a leading cause of death in intensive care unit patients, resulting in more than 200,000 deaths annually (1) . Clinical and experimental observations have suggested that apoptosis may play a role in the pathogenesis of sepsis-associated multiple organ dysfunction syndrome (MODS) (2) (3) (4) (5) , but the mechanism by which MODS develops remains unclear. Neutrophils are terminally differentiated cells of the innate immune system playing an important role as a first line of defense against bacterial infections as well as in the modulation of the inflammatory response (6) . Paradoxically, neutrophils also represent one of the main mediators of tissue injury in various human diseases, including sepsis (7, 8) . Under normal conditions neutrophil half-life in the circulation is limited to ~6-10 h, after which they undergo spontaneous apoptosis. However, during acute inflammation, neutrophil life span becomes significantly extended owing to the action of proinflammatory mediators and bacterial membrane components such as endotoxin (9) . This prolonged neutrophil survival is associated with the accumulation of activated neutrophils contributing to an ongoing inflammation, and consecutive host tissue damage, with subsequent organ failure in critical ill patients. Profound inhibition of apoptosis has been already reported in neutrophils from patients with systemic inflammatory response syndrome (SIRS) (2, 10) , in sepsis (11) (12) (13) (14) , as well as after burn injuries (15) and acute respiratory distress syndrome (8, 16, 17) . These observations suggest that the resolution of the inflammatory response is highly dependent from the induction of neutrophil programmed cell death.
During neutrophil spontaneous apoptosis both, mitochondria-and death receptor-mediated apoptotic signaling were shown to be activated (18) . The intrinsic apoptotic pathway involves mitochondria, which release cytochrome c into the cytoplasm following outer membrane permeabilization by proapoptotic Bcl-2 family members. Cytochrome c then combines with caspase-9 and Apaf-1 to form the apoptosome, resulting in caspase-3 activation and apoptosis (19) .
Human neutrophils express the proapoptotic proteins Bax, Bad, Bid, Bik and Bak and the antiapoptotic proteins Mcl-1, A1/Bfl-1 (A1) and Bcl-X L (20) . Mcl-1 and A1 have very short half-lives of 2-3 h whereas the half-lives of the proapoptotic proteins are relatively long (21) . The cellular levels of Mcl-1 protein have been shown to closely correlate with neutrophil survival. Hence, neutrophil half-life may be predominantly governed by the cellular levels of the antiapoptotic factors (22, 23) .
In the extrinsic pathway, stimulation of death receptors such as Fas, TNF-related apoptosis-inducing ligand (TRAIL) receptors 1 and 2 and TNF receptor-1 and -2 by their ligands, for example, FasL, TNF-α or TRAIL, allows the trimerization/reorganization of the death receptor on the cell surface and subsequent caspase-8 activation (24) . Both, the extrinsic and intrinsic pathway may converge at the level of mitochondria.
Currently, the molecular mechanisms that underlie the delay of neutrophil apoptosis during acute inflammation and sepsis are not fully understood. Recently, we found evidence for an impaired extrinsic pathway in patients with posttraumatic sepsis development due to elevated serum levels of soluble Fas (sFas). Serum sFas has been also shown to inhibit neutrophil apoptosis in vitro. However, in this study, both trauma patients with and without sepsis development showed strong reduction of apoptosis in circulating neutrophils at least until d 10 after trauma (25) .
Based on these previous findings, here we sought to characterize the impact of extrinsic and intrinsic pathways on the regulation of neutrophil apoptosis in patients with trauma-associated sepsis development, as well as in patients with uneventful outcome.
MATERIALS AND METHODS

Patients
Twenty-four patients were enrolled in this prospective study. Study approval was obtained from the Ethics Review Board of the University of Duesseldorf, Germany. Patients with blunt or penetrating multiple injuries who were admitted to our Level I Trauma Center with an Injury Severity Score (ISS) ≥16, intensive care unit (ICU) stay >3 d and aged 18 years or older were enrolled in this study. Written informed consent was obtained from all participants or their legal representatives if the patients lacked consciousness. Exclusion criteria were death of the patient on day of admission or within the first 2 d on ICU. In addition, patients with known preexisting immunological disorders or systemic immunosuppressive medication were excluded. The severity of injury was assessed by the ISS, based on the Abbreviated Injury Scale (AIS) (26) . SIRS and sepsis were defined using the criteria outlined 2005 from the International Sepsis Forum (27) . Patients were determined as septic if they fulfilled criteria for SIRS and had a proven source of infection. SIRS was defined by two or more of the following criteria: temperature >38°C or <36°C; heart rate >90 beats per min; respiratory rate >20 breaths per min or arterial carbon dioxide tension (PaCO 2 ) <32 mmHg; and white blood cell count >12,000 cells/mm 3 or <4000 cells/mm 3 , or with >10% immature (band) forms. To evaluate organ dysfunction/failure, the Sequential Organ Failure Assessment (SOFA) and Multiple Organ Dysfunction (MOD) score were determined prospectively on a daily basis (28) . Severe sepsis referred to sepsis complicated by organ dysfunction. Organ dysfunction has been defined using the definition by the SOFA score with >2 points for at least one system (respiratory, coagulation, liver, cardiovascular, central nervous or renal system). Septic shock was defined as sepsis with acute persistent circulatory failure unexplained by other causes (>2 points in SOFA score for cardiovascular system).
Blood was collected from healthy volunteers and routinely from patients from the day of admission until d 10. Heparinized blood was immediately used after collection for neutrophil isolation. In parallel, sera were harvested by centrifugation and stored at -80°C until further processing.
Isolation and Culture Conditions of Human Neutrophils
Human neutrophils were isolated by discontinuous density-gradient centrifugation on Percoll (Biochrom) as previously described (29) . After hypotonic lysis to remove contaminating erythrocytes, cells were suspended in phosphatebuffered saline (PBS). Purity and viability were routinely >95% as assessed by forward and side scatter characteristics of FACScan (BD Biosciences) and trypan blue exclusion, respectively. Subsequently, cells were frozen at -80°C or suspended in RPMI 1640 containing 2 mmol/L glutamine (Biochrom) and 1% human serum, supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin and cultured at 37°C in a humidified atmosphere containing 5% CO 2 .
RNA Interference and Transfection
For siRNA experiments, freshly isolated neutrophils from patients at d 1 after admission were nucleofected with mcl-1 small interfering RNA (siRNA) (Qiagen) using Amaxa Nucleofector System (Lonza), according to the manufacturer's instructions (Human Monocyte Nucleofector Kit, Lonza) with some modifications. In brief, 5 × 10 6 neutrophils were suspended in 100 μL Nucleofector solution (Lonza) with 1.5 μg siRNA. The cells were electroporated and further cultured in RPMI 1640 medium containing 2 mmol/L glutamine (Bio chrom) and 10% FCS (PAA Laboratories). Alexa488-conjugated control siRNA (Qiagen), used to detect intracellular siRNA by flow cytometry and to monitor transfection efficiency, showed that the fluorescent siRNA was taken up in >90% of the cells. After 24-h culture, 0.2 μmol/L staurosporine (Alexis) was added to the cells.
Analysis of mRNA Expression by RT-PCR and Quantitative PCR
Total RNA from neutrophils was extracted using TRI Reagent (Sigma) accord-ing to the manufacturer's instructions. Contaminating DNA was removed by digestion with DNase (DNA-free, Ambion). 500 ng RNA were reverse transcribed to complementary DNA (cDNA) using oligo(dT) 15 (30) .
Human Apoptosis Quantitative RealTime Polymerase Chain Reaction Array
To analyze the expression of apoptosisrelated genes in neutrophils after major trauma, the Human Apoptosis 96 StellARay quantitative real-time polymerase chain (qPCR) array has been used according to the manufacturer's instructions (Lonza). Data were analyzed using Global Pattern Recognition (GPR) Analysis software (Bar Harbor Biotechnology), which normalizes the data of each analyzed gene to that of every other gene without dependence of single gene normalization (31) .
Western Blotting
Isolated neutrophils were suspended in radioimmunoprecipitation assay (RIPA) buffer (50 mmol/L Tris pH 8.0, 150 mmol/L NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfide), supplemented with complete protease inhibitor mixture (Roche) followed by cell sonication. Samples were separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes (BioRad). Membranes were saturated in Tris-buffered saline supplemented with 0.1% Tween20 (TBST) and 5% w/v nonfat dry milk for 1 h and then immunolabeled with monoclonal anti-human Mcl-1 (BD Biosciences), polyclonal anti-human Bid and anti-human A1/Bfl-1 (both Cell Signaling), or anti-human Dad1 antibody (Imgenex), respectively. Blots were then washed three times with Tris-buffered saline + 0.1% Tween 20 (TBST) and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (Dako) for 1 h at room temperature. Bands were visualized using SuperSignal West Pico detection kit (Thermo Fisher Scientific). Equal loading was confirmed by PonceauS staining and reincubation of membranes with a monoclonal antibody for glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Imgenex).
Quantification of Neutrophil Apoptosis
Neutrophil apoptosis was measured by using the Cell Death Detection Enzyme-Linked Immunosorbent Assay (ELISA) Plus Kit (Roche), which quantitatively detects mono-and oligonucleosomes in the cytoplasmatic fraction. Briefly, neutrophil pellets were suspended in lysis buffer and DNA fragments were detected according to the manufacturer's instruction. Apoptosis was normalized to total double-stranded (ds) DNA, which has been quantified by PicoGreen (Invitrogen) staining. In addition, neutrophil apoptosis was measured by propidium iodide staining and flow cytometry as previously described (10) . Nuclei to the left of the G1 peak (sub-G1) containing hypodiploid DNA, corresponding to fragmented DNA, were considered apoptotic.
Detection of Mitochondrial Membrane Depolarization
To measure the mitochondrial membrane potential, neutrophils were stained with the lipophilic dye 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolocarbocyanine iodide (JC-1; Sigma Aldrich, Taufkirchen, Germany) as previously described (10) . Then, cells immediately analyzed by flow cytometry. The excitation wavelength was 488 nm and the emission wavelengths 530 nm (FL1) for green fluorescence and 590 nm (FL2) for red fluorescence. In intact cells with a high negative mitochondrial membrane potential, JC-1 forms aggregates that emit a red fluorescence (590 nm). In mitochondria with low membrane potential (depolarized), the dye forms monomers in the cytosol that emit a green fluorescence (530 nm). Results are expressed as the relative number of cells with high levels of green fluorescence (FL1), indicating mitochondrial membrane depolarization in these cells.
Determination of Caspase-8 Activity
Freshly isolated neutrophils were harvested by centrifugation and cell pellets were stored by -80°C for further processing. The activity of caspase-8 has been measured by using Caspase-Glo 8 Assay (Promega) according to manufacturer's instructions.
Statistical Analyses
Data are presented as box plots representing the median (heavy line in boxes) and the 25th and 75th percentiles. Whiskers indicate the minimum and maximum values, respectively. To evaluate differences between several groups, a nonparametric Kruskal-Wallis test with Dunn post hoc test was performed. To compare differences between two groups, the Mann-Whitney U test has been used. For normally distributed data, the mean ± SEM is depicted. Statistical analysis was performed by using
I N V I T E D R E S E A R C H A R T I C L E
one-way analysis of variance (ANOVA), followed by the Newman-Keuls test. Correlation between numerical values was evaluated by Spearman rank correlation coefficient (ρ). Analyses were performed with GraphPad Prism Program (version 5, GraphPad Software, San Diego, CA, USA). Data were considered to be statistically significant at P < 0.05.
RESULTS
Demographics, Initial Blood Values Outcome
The 24 patients (15 male, 9 female) enrolled in this study had an ISS of 46.7 ± 3.1 (mean ± SEM, range 16-75). The mean age was 41.7 ± 3.8 years (range 19-78 years). All patients fulfilled at least two of criteria of SIRS on admission to the ICU and on d 1 after trauma. From all patients, 12 developed sepsis within 6.1 ± 0.4 d (range 4-8 d) after trauma. Among the septic patients, one patient had uncomplicated sepsis, seven patients met the criteria for severe sepsis and four patients met the criteria for septic shock. The infection site of sepsis and microbiological pathogens for each patient are given in Table 1 . The most frequent focus for sepsis was a pulmonary infection. Patients with posttraumatic sepsis development were apparently older and more severely injured than those without sepsis. Further, septic patients had a longer ICU stay as well as higher SOFA and MOD scores. Three septic patients died 30.7 ± 12.3 d (range 16-55 d) after trauma as a consequence of multiple organ failure. Further patient characteristics as well as injury severity, SOFA as well as MOD score values and outcome are shown in Table 2 .
Expression Profile of ApoptosisRelated Genes and Apoptosis Rate in Neutrophils from Severely Injured Patients
To identify apoptosis-relevant genes that are modified in their expression in neutrophils after major trauma, we screened the regulation of 94 genes in neutrophils isolated from multiple trauma patients. The cDNA from five healthy volunteers was pooled and used as control. Further, pooled cDNA from six patients, three with sepsis development during the first 10 d after trauma and three with uneventful recovery, was used to analyze changes in the expression of apoptosis-relevant genes at d 1, d 5, and d 10 after major trauma. We found all investigated genes to be differentially expressed in controls and patients already from d 1 until d 10 after major trauma (Table 3) . Although the expression of antiapoptotic genes such as Mcl-1, A1, Dad1 was found to be strongly upregulated, a simultaneously increase in the expression of Bax, Bad, Bid and caspase-3, which are known to favor apoptosis, could be observed in trauma neutrophils. Additionally, there was an upregulation of mRNAs encoding for the death receptors tumor necrosis factor receptor superfamily member TNFRSF1A, and to a lower extent for TNFRSF1B and Fas. However, the expression of death receptor associated adapter molecules, for example, Fasassociated via death domain FADD, TNF receptor-associated factor TRAF2 and TRAF4, was markedly reduced compared with their expression found in control neutrophils. In previous studies, we have already shown that neutrophils after trauma display a prolonged life span when compared with control cells (10, 25) . However, as depicted in Figure 1A , there was no significant difference in apoptosis rate at d 5 and d 10 after trauma between neutrophils from patients without or with posttraumatic sepsis development, respectively. In addition, fold change in apoptosis when compared with d 1 was negatively correlated with patient's MOD scores (ρ = -0.435, *P = 0.04 [see Figure 1 legend]) and to a lower degree with SOFA (ρ = -0.417, P = 0.059) at d 10 but not at d 5 after trauma, suggesting a link between the apoptotic status of neutrophils and patient's clinical course ( Figure 1B) .
As previously reported, inhibition of neutrophil apoptosis after major trauma is mediated by serum factors (10, 22) . Indeed, treatment of control neutrophils with serum taken at d 1, d 5 and d 10 after admission from the 12 patients with and 12 patients without sepsis development led to a significant downregulation of neutrophil cell death compared with the apoptosis rate of neutrophils incubated with serum from healthy volunteers ( Figure 1C) . However, no differences in apoptosis could be observed between the sera from the two patient groups.
Regulation of the Neutrophil Apoptosis-Related Factors Mcl-1, A1, Dad1, and Bax during Sepsis Development after Major Trauma
To further elucidate the molecular mechanisms underlying reduced neutrophil apoptosis in patients with and without sepsis development after major trauma, we analyzed the expression of apoptotic factors, especially of those who were already shown to be important regulators of neutrophil survival (20) .
The expression levels of the antiapoptotic genes Mcl-1, A1, Dad1, and the proapoptotic gene Bax are depicted in Figure 2 . These factors were found to be clearly upregulated on mRNA level in neutrophils early after major trauma (Table 3) . Analysis of gene expression between septic and nonseptic patients could be determined (Figure 2 ). In general, the mRNA levels do not necessarily correlate to the amount of the expressed protein and many proteins have been demonstrated to be posttranslationally regulated. For instance, Mcl-1 turnover has been already shown to be modified by granulocytemacrophage colony-stimulating factor (GM-CSF) (32) . We further examined the protein expression of the apoptotic factors mentioned above using immunoblot analysis. The protein levels of Mcl-1 peaked at d 1 after trauma and were significantly reduced in the sepsis group at d 10 (P < 0.01 versus nonsepsis; Figure 3) . Additionally, we found A1 protein levels to be significantly diminished in neutrophils isolated at d 5 and d 10 from patients with sepsis development (P < 0.01 and P < 0.05, respectively) when compared with neutrophils from the nonsepsis group at these times. These findings argue for a general decline of antiapoptotic Bcl-2 members in neutrophils during sepsis development. Although not being a member of the Bcl-2 family, Dad1 has been shown to interact with antiapoptotic Mcl-1 and loss of Dad1 function is associated with apoptotic cell death (33) . In contrast to Mcl-1 and A1, Dad1 levels were not increased in patients when compared with control neutrophils. Whereas Dad1 protein levels in patients with uneventful recovery remained unchanged over time after major trauma, the protein was found to be significantly increased at d 10 after trauma in the sepsis group (P < 0.01 versus nonsepsis). Moreover, we found that neutrophils of all trauma patients expressed reduced levels of proapoptotic Bax over the whole observation period of 10 d without any intergroup differences. Altogether, these data suggest that neutro phils in sepsis display an obvious imbalance between proand antiapoptotic Bcl-2 members owing to reduced levels of Mcl-1 and A1.
I N V I T E D R E S E A R C H A R T I C L E
Reduced Mcl-1 Levels Are Associated with Impaired Intrinsic Apoptosis Resistance in Neutrophils during Sepsis
Neutrophil spontaneous apoptosis has been shown to be highly dependent on Mcl-1 protein levels. Besides Mcl-1, A1 has been identified to antagonize Bax activation and mitochondrial membrane depolarization (34) . It has been already reported that neutrophils from (10) . Hence, reduced Mcl-1 levels in sepsis, probably because of altered cytokine levels, might be associated with a loss of mitochondrial membrane potential during intrinsic apoptosis induction. As speculated, mitochondrial disruption was significantly increased after treatment with staurosporine in cells incubated with serum from septic patients at d 10 after trauma when compared with cells incubated with serum from patients with uneventful outcome ( Figure 4B ).
Inhibition of Caspase-8 Activity and Bid Truncation in Neutrophils during Sepsis
However, the reduced neutrophil intrinsic apoptosis resistance found in sepsis does not explain the decreased apoptosis rate of neutrophils from septic patients. We therefore investigated if other mechanisms might be of relevance for the modulation of neutrophil apopto- sis. Activation of Fas receptor has been already reported in neutrophils undergoing spontaneous apoptosis. When Fas molecules cluster, they interact with the adapter proteins FADD, which in turn, recruit procaspase-8 molecules to induce their autocleavage and thus production of active caspase-8 (35). Activated caspase-8 then cleaves the proapoptotic Bcl-2 family member Bid (22 kDa) to yield truncated Bid (tBid, 15 kDa). tBid was demonstrated to promote apoptosis by linking the extrinsic to intrinsic pathway in neutrophils and different cell lines (36, 37) .
I N V I T E D R E S E A R C H A R T I C L E
As depicted in Figure 5A , neutrophils isolated at d 10 from septic patients displayed significantly reduced caspase-8 activity when compared with neutrophils isolated from patients with uneventful outcome at the same time (P < 0.05). In addition, an increased Bid/tBid ratio has been found in neutrophils isolated at d 5 (P < 0.01) and d 10 (P < 0.01), respectively, from septic patients, indicating a reduced Bid cleavage by caspase-8 due to an impaired extrinsic apoptotic pathway in these cells ( Figure 5B ).
DISCUSSION
Delayed neutrophil apoptosis combined with cellular hyperactivity is widely accepted to be associated with inflammatory disorders including tissue damage and progressive organ dysfunction. In the current study, we demonstrate that apoptosis-related factors are differentially regulated in neutrophils during sepsis development after major trauma. In addition, we also found an inverse correlation between neutrophil apoptosis rate and the patients' organ dysfunction scores suggesting an influence on sepsisassociated organ damage by delayed neutrophil apoptosis. The reduced neutrophil apoptosis rate in sepsis, which was not related to the expression of the neutrophil antiapoptotic factors Mcl-1 and A1, suggests that prolonged neutrophil life span does not solely depends on their expression levels. We demonstrate here that neutrophil apoptosis in sepsis is rather additionally regulated by factors modulating the extrinsic pathway, as shown by diminished caspase-8 activity and reduced Bid cleavage.
Our results showed many pro-and antiapoptotic genes to be upregulated after major trauma, supporting the regulation of gene activity by inflammatory mediators (38, 39) . Interestingly, Weber and colleagues have recently described a massive upregulation of proapoptotic factors in circulating blood cells from patients suffering from severe sepsis (40) . They further concluded that the proapoptotic pattern of gene expression must be generated by lymphocytes, displaying increased apoptosis in sepsis, rather than neutrophils with prolonged life span (40) . However, this work demonstrates that the gene expression of most pro apoptotic genes such as Bax, Bad, and Bid is also upregulated in neutrophils after major trauma showing prolonged life span.
Previous studies have suggested that neutrophil spontaneous apoptosis highly depends on the integrity of the mitochondrial membrane and is regulated by Bcl-2 family members (20, 22, 29) . Several lines of evidence indicate that under inflammatory conditions, such as for example, after major trauma, the neutrophil life span becomes modified owing to the action of proinflammatory cytokines Figure 3 . Protein expression of Bcl-2 family members and Dad1. The expression of Mcl-1, A1, Dad1 and Bax protein was determined by Western blot in neutrophils isolated from healthy volunteers (n = 5-13), as well as from patients with (n = 8-9) or without (n = 8-11) sepsis development after major trauma. Blots were analyzed by densitometry and normalized to GAPDH. In each case, representative blots of one healthy control, one patient with and one patient without sepsis development are depicted. *P < 0.05; **P < 0.01. , Nonsepis; , sepsis; , control.
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present in the circulation. In this context, it has been already shown by our group and others that GM-CSF-and also interleukin (IL)-18-mediated suppression of neutrophil apoptosis is associated with an increase in antiapoptotic Mcl-1 protein (10, 41) . So far, it remains speculative whether additional serum factors beside GM-CSF and IL-18 are involved in the regulation of neutrophil apoptotic factors after severe trauma.
The antiapoptotic Bcl-2 members Mcl-1 and A1 are known to impair the intrinsic pathway by maintaining the mitochondrial transmembrane potential (10, 42) . Both proteins were found to be markedly upregulated in all patients after trauma while Bax protein levels were slightly downregulated when compared with healthy controls. Whereas Mcl-1 protein expression significantly declined at d 10 after trauma in the sepsis group, there was a strong decrease in A1 protein levels from d 5, suggesting a downregulation of antiapoptotic factors in sepsis.
A1 has already been reported to interact with human Bax (43) . However, in contrast to the work of Werner and coworkers (42) , reporting that A1 blocks the mitochondrial apoptotic pathway, here the reduction in A1 protein alone in the sepsis group at d 5 after trauma did not seem to abrogate intrinsic neutrophil apoptosis resistance as shown by staurosporine treatment and mitochondrial staining. However, it is likely that a simultaneously downregulation of other antiapoptotic Bcl-2 proteins is required to sensitize neutrophils to intrinsic apoptosis inducers.
In a previous study, we have demonstrated that intrinsic apoptosis resistance in neutrophils is accompanied by an increase in Mcl-1 protein levels. Further, incubation of control neutrophils with sera collected from severely injured patients was sufficient to reproduce this effect and to maintain mitochondrial membrane integrity after apoptosis induction with staurosporine (10) . Consistent with these previous observations, the reduced Mcl-1 as well as A1 levels found in septic patients at d 10 after trauma were associated with an increased permeabilization of the mitochondrial membrane. In addition, our knockdown experiments using neutrophils expressing elevated levels of Mcl-1 (d 1 after trauma) further confirmed the regulation of the intrinsic apoptotic pathway by this factor. Interestingly, we found here that despite diminished levels of antiapoptotic Bcl-2 members, for example, Mcl-1, the apoptosis of neutrophils from patients with sepsis development after major trauma was still delayed. Based on these findings, we further suggested that additional upstream regulatory mechanisms are involved in the inhibition of neutrophil cell death in sepsis. In spontaneous neutrophil apoptosis Bid is cleaved to tBid which has been reported to activate Bax, thus promoting its translocation from the cytosol to the mitochondria (29, 35 ). In the current study, the production of tBid was inhibited in neutrophils isolated from patients with sepsis development at d 5 and d 10 after trauma. This reduced Bid truncation was further associated with significantly reduced caspase-8 activity at d 10. These findings are in line with recently published results demonstrating that prolonged neutrophil life span in septic patients was associated with elevated serum levels of soluble Fas (sFas). sFas may functionally antagonize the Fas/FasL pathway and thus extrinsic caspase-8-mediated apoptosis. Indeed, patient's SOFA and MOD scores showed a positive correlation with serum sFas levels (25) as well as an inverse correlation with neutrophil apoptosis at d 10. Hence, sFas in the circulation of trauma patients could represent another factor responsible for the dysregulation of apoptosis in severely injured patients.
I N V I T E D R E S E A R C H A R T I C L E
In addition, in this article, we also show for the first time a strong upregulation of Dad1 protein in septic patients at d 10, but its mode of action is not yet understood. Dad1 has largely been implicated in N-linked glycosylation. The inhibition of N-linked protein glycosylation in cells that undergo apoptosis after loss of Dad1 function suggests that loss of N-linked glycoproteins is associated with onset of apoptotic cell death (44) . In addition, Dad1 has been also shown to bind to antiapoptotic Mcl-1 protein and his expression in animal cells was reportedly down-regulated prior to the induction of programmed cell death (45) . However, it remains unclear whether Dad1 might diminish neutrophil apoptosis by the modulation of Mcl-1 activity or by maintaining accurate N-glycosylation of proteins thus preventing endoplasmic reticulum stress. In fact, diminished neutrophil apoptosis in sepsis seems to be related to both, increased Dad1 levels and impaired extrinsic pathway, respectively.
Overall, most of the effects have been observed at d 10 after trauma. At the earlier time point (d 5), five of twelve patients in our cohort already displayed clinical signs of sepsis. In contrast, at d 10 all patients included in the sepsis group had clinical manifested septic disease.
One important limitation of this study is that we only investigated apoptotic signalling pathways in circulating neutrophils. Because these cells are known to infiltrate tissues and also to retain to the circulation after contact with the inflamed tissue, their function and apoptotic status might change. Being aware that posttraumatic tissue destruction is rather mediated by infiltrated than circulating neutrophils, it was not yet possible to investigate apoptosis of tissue neutrophils in patients, which however is a common limitation in patient studies. Further, we did not differentiate between different subpopulations of neutrophils, for example, newly released cells from the bone marrow, and therefore further discrepancies regarding apoptotic signalling in these cells cannot be ruled out.
CONCLUSION
In summary, our study demonstrates that sepsis development after major trauma is associated with changes in the expression of neutrophil antiapoptotic factors. In the early phase after trauma, neutrophil apoptosis seems to be mainly regulated by antiapoptotic Bcl-2 members which inhibit the intrinsic mitochondriadependent pathway. Importantly, our data indicate that neutrophil apoptosis do not always correlate with Mcl-1 protein levels. Neutrophils from patients with clinically diagnosed sepsis at d 10 after trauma displayed reduced neutrophil apoptosis despite diminished levels of antiapoptotic Mcl-1 and A1 protein.
In these patients, a predominant inhibition of the extrinsic apoptotic pathway could be found. The correlation between reduced neutrophil apoptosis and the severity of illness further supports the importance of neutrophil activity in the pathophysiology of sepsis. On the basis of these findings, drugs designed to target extrinsic rather than intrinsic apoptotic signalling in neutrophils during sepsis may help to modulate neutrophil life span and to prevent host tissue damage under these conditions.
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